The secondary amines found in b-PIBSI dispersants prepared by attaching two polyisobutylene chains to a polyamine core via two succinimide moieties were reacted with ethylene carbonate (EC). The reaction generated urethane bonds on the polyamine core to yield the modified b-PIBSI dispersants (Mb-PIBSI). Five dispersants were prepared by reacting two molar equivalents (meq) of polyisobutylene terminated at one end with a succinic anhydride moiety (PIBSA) with one meq of hexamethylenediamine (HMDA), 
INTRODUCTION
Dispersants have been extensively used as oil additives since the 1950s. They are designed to improve engine oil performance and decrease fuel consumption and pollution emission. [1] [2] [3] Their purpose is to decrease soot aggregation, a process that can thicken the oil to the point where it generates sludge that prevents the flow of oil. Soot and sludge are carbon-rich and/or metallic in nature and result from the incomplete oxidation of fuel during ignition. Soot or ultrafine particles (UFPs) are smaller than 100 nm in diameter, but they aggregate over time into large particles (LPs) with a diameter on the order of 1 µm to minimize exposure of their polar surface to the oil. 4, 5 The formation of LPs can cause engine failure through wear and oil blockage. Dispersants adsorb onto the surface of UFPs, stabilizing them by a steric or electrostatic mechanism which reduces the aggregation of UFPs into LPs. 1, 5, 6 Metallic and ashless dispersants are two types of commonly used oil additives. Metalcontaining dispersants have a good dispersancy capacity but the presence of metals can lead to the production of insoluble solids upon degradation. These solid salts actually add to the sludge problem. The other type of dispersant is referred to as ashless dispersant. Unlike metallic dispersants, ashless dispersants do not leave any ashes or embers in the engine. 1 Polyisobutylene succinimide (PIBSI) dispersants are the most common ashless dispersants used in the oil industry today and they were initially developed in 1966. [7] [8] [9] [10] They are constituted of a polyamine head and PIB-stabilizing tail. For a given succinimide dispersant, a higher number of secondary amines in the polyamine head results in a better adsorption of the dispersant onto the polar surface of UFPs but the basic polyamine linker of PIBSI dispersants compromises their compatibility with the fluorocarbon elastomers that are used as engine seals and this issue represents a challenging problem to the industry. 3, 6, 11, 12 A number of approaches have been introduced to reduce the basicity of dispersant amines such as their modification with boric acid or ethylene carbonate. [12] [13] [14] Although such capping agents generally improve compatibility of the dispersants with engine seals and the other compounds of the oil formulation, capping makes the dispersants less efficient. The preparation of modified bis-polyisobutylene succinimide dispersants (Mb-PIBSI) begins by generating the non-modified PIBSI dispersant as follows. Reaction of a polyisobutylene chain terminated at one end with a succinic anhydride group (PIBSA) 9, [15] [16] [17] with a polyamine terminated at both ends with two primary amines in a 1:2 polyamine:PIBSA ratio generates bis-PIBSI (b-PIBSI) dispersants. 18, 19 The b-PIBSI dispersants can be post-modified with reactants such as boric acid or ethylene carbonate to generate Mb-PIBSI. While these reactions have been reported in the literature for decades, a recent report has established that characterization of b-PIBSI dispersants remains challenging with techniques based on FTIR or 1 H NMR spectroscopies due to complications caused by interactions generated between the succinimide groups and secondary amines of b-PIBSI dispersants. 20 Interestingly the same study also found that the inherent fluorescence of the succinimide groups in the b-PIBSI dispersants was efficiently quenched by secondary and tertiary amines, and that the quenching efficiency increased linearly with increasing number of secondary amines in the polyamine linker used to prepare the b-PIBSI dispersants. Since The chemical composition and structure of the dispersants are known to influence the reduction in sludge formation. The adsorption isotherms analysis can provide information on how effectively different dispersants bind onto the surface of carbon black particles (CBPs) used as mimics of UFPs. 18, [21] [22] [23] The adsorption isotherms of a series of PIBSI dispersants have been determined in apolar hexane earlier and the results showed an increase in the association strength of the dispersant with increasing number of secondary amines in the polyamine core. 18 The present study compares the adsorption isotherms in dodecane of b-PIBSI and Mb-PIBSI dispersants onto CBPs by using the inherent fluorescence of the succinimide groups.
The results indicate that EC-post-modification of b-PIBSI dispersants lowers their ability to bind onto CBPs. It confirms that a trade-off must be reached between the reduction in secondary amine basicity through EC modification of b-PIBSI dispersants and their ability to latch onto the surface of UFPs. 
EXPERIMENTAL

Chemicals
Fourier Transform Infrared (FTIR).
A Bruker Tensor 27 FTIR spectrometer was used to acquire all FTIR spectra with an absorbance smaller than unity to avoid saturation of the detector. Polymer solutions prepared in CDCl3 were deposited drop wisely onto the NaCl Figure S1 .
Comparison of the spectra of DBA and HEDBC indicates that the peak of the methylene protons 1 of the butyl groups next to the nitrogen shifted from 2.5 to 3.15 ppm. 
Polyamine
Chemical Structure
Hexamethylenediamine (HMDA) H2N-(CH2CH2)3-NH2
Scheme 2. Synthesis and modification of succinimide dispersants. Figure S2 , it could be concluded that modification of the PIBSI dispersants with EC did not affect their molecular weight distribution. Figure S3 . In the spectrum of PIBSA presented in Figure S3A , the peaks at 2.6 and 3.3 ppm represent the protons in the succinic anhydride ring. After reaction with a polyamine, these peaks shifted to 2.5 and 3.0 ppm in Figure S3B , and new peaks appeared at 2.8 and 3.5 ppm representing the ethylene protons in the polar core of the b-PIBSI dispersant. In all polymer samples, the peaks at 1.1 and 1.4 ppm (not shown in Figure S3 ) represent, respectively, the methylene and the methyl protons of the PIB backbone obtained in a 1:3 ratio. The peak at 5.5
RESULTS AND DISCUSSION
ppm was found for all polymer samples and might be due to the presence of vinyl groups generated during the Alder-ene reaction of PIBSA as inferred from a detailed NMR characterization of PIBSA samples. 
According to our previous paper, bonding between the secondary amines of the spacer and the succinimide carbonyls ( Figure 1 and Table 2 ). Figure 2A for the steady-state fluorescence spectra and Figure 2B would have resulted in a much more pronounced 88% decrease in I and a 78% reduction in <>. 20 The pre-exponential factors and decay times retrieved from the multiexponential analysis of the fluorescence decays are reported in Table S1 in SI. The spectra and decays shown in Figures 2A and 2B were then used to determine the ratios I0/I and <>0/<> which were then plotted as a function of HEDBC concentration in Figure 2C . I0 and <>0 represent the fluorescence intensity and number average lifetime of N-MSI in the absence of HEDBC.
The trends obtained in Figure 2C . Because I0/I responds to both types of quenching, it is much more sensitive than the ratio <>0/<> that is influenced by dynamic quenching only. Therefore, the I0/I ratio was selected to probe the effect that EC modification of the PIBSI secondary amines would have on the efficiency of quenching. . Based on the data listed in Table 3 , the K' value was found to equal 0.079 ± 0.001. Application of this procedure to the I0/I ratios shown in Figure 4 for Mb-PIBSI-TEPA and Mb-PIBSI-PEHA yielded an α value in Equation 4 of 0.4 and 0.3, respectively, suggesting that 60± 1 and 70 ± 1 % of the secondary amines had reacted (Table 4) .
Incidentally, this conclusion agrees remarkably well with the findings by The Γmax and K values retrieved by fitting the data shown in Figure 6B with Equation 8
are listed in Table 6 . The results indicate that the binding constant K increased strongly with the number of secondary amines in the polar core of b-PIBSI dispersants. The amount of dispersant needed to saturate the adsorption sites Γmax decreased with increasing number of amines. Based on the K values, these trends indicate that the dispersants bind more strongly to the CBPs when the dispersants contain a higher number of secondary amines. The binding isotherms of b-PIBSI-TEPA and b-PIBSI-PEHA were also compared to those given in Figure 7 for Mb-PIBSI-TEPA and Mb-PIBSI-PEHA, respectively. The results in Table 6 
